Summary: a-and γ-enolase isoenzyme substance concentrations were measured in serum and plasma from healthy subjects and from 174 patients with different solid tumours. While α-enolase was found to be increased in the plasma of patients with tumours of quite different origin, γ-enolase apparently reflected malignancies of the neuroendocrine System. Before the beginning of the cytotoxic therapy γ-enolase was increased above the upper limit of the reference r nge (10 μg/l) in 27/27 patients (100%) suffering from small cell lung cancer. Most patients with squamous cell carcinoma of the lung or with prostatic cancer exhibited normal γ-enolase, while both tumour types produced high plasma substance concentrations of the aisoenzymes of enolase.
from other malignancies may also exhibit increased γ-enolase in serum. Furthermore, high levels of aenolase were reported for some small cell lung cancer patients (4, 5) . Therefore we investigated the specificity of a-and γ-enolase isoenzymes in plasma samples from a large group of patients diagnosed with different types of solid malignant tumours.
Methods
Two different assay techniques were used for the detennination of enolase isoenzymes, a solid phase immuno-bioluminescence assay procedure (SIBA) recently described by our group (7) and a commercially available radioimmunological assay (6, 10) (NSE-RIA, Pharmacia Freiburg, Gennany). For the bioluminescence test System, enolase isoenzymes were prepared from human brain s described (14) . Polyclonal antisera against aand γ-enolases were raised in rabbits (Chinchilla bastards), purified by affmity chromatography and coated onto polystyrene tubes. Enolase catalytic activity flxed to the antibodycoated tubes was measured in a combined assay using pyruvate kinase and the luciferin-luciferase System (7) . Besides the αα and γγ isoenzymes, a dimeric hybrid form, αγ, is also present in several tissues s, well s in serum or plasma, and it crossreacts to a certain extent with the respective anti a-or anti γ-antibodies. The respective isoenzyme catalytic activities were measured specifically s follows: for detennination of αα-enolase catalytic activity samples were first incubated in tubes coated with afiinity purified anti-γ antibodies. This resulted in a total extraction of αγ-and γγ-isoenzymes s demonstrated in separate experiments with the respective purified isoenzymes. The samples were then transferred to anti-a-coated tubes and the catalytic activity measured by the combined bioluminescence System. For γγ-enolase the procedure was performed vice versa. αγ-Enolase catalytic activity was calculated by subtracting the sum of the specifically determined αα-and γγ-enolase catalytic activities from the total enolase activity measured in uncoated tubes. Specific catalytic activities measured in such a way were referred to s αα-, αγ-and γγ-enolase activities or calculated substance concentrations. Since this procedure was too laborious for routine use in further studies we measured the αα and αγ and/or the γγ-and αγ-isoenzyme catalytic activities together in the respective coated tubes. In this case catalytic activities or calculated substance concentrations were given with the single Symbol α or γ.
The bioluminescence assay measures enzyme catalytic activities. For comparison with the radioimmunological assay, which was performed in parallel, and with data in the literature, mostly obtained with specific protein determinating methods such s enzyme-or radioimmuno-assays, we had to transform the catalytic activity values into enzyme substance concentrations. Since we did not know the specific catalytic activities of the native enolase isoenzymes, i. e. in plasma, we calculated the enzyme substance concentrations on the basis of the specific catalytic activities of our purified isoenzyme preparations (αα-enolase: 90 kU/g of protein; γγ-enolase: 50 kU/g of protein). Since the αγ-hybrid form was not purified to homogeneity, enzyme substance concentrations, calculated from combined measurements of αα/αγ-or γγ/αγ catalytic activities, are assumed to be only approximate. The radioimmunological assay was performed according to the manufacturer's instructions (NSE, Pharmacia). Measurements were done in serum or heparinized plasma.
A correlation of γ-enolase values in 106 plasma samples obtained with both methods (SIBA and RIA) yielded y = -4 2 + 0.97 x; r = 0.884. In 17/19 plasma samples from patients with small ccll lung cancer both methods revealed elevated γ-enolase and similar results. With the exception of the data in table l, all other figures and tables show only γ-enolase substance concentrations determined radioimmunologically by use of the Pharmacia assay (RIA), while all of the α-enolase substance concentrations were calculated from our bioluminescence assay (SIBA).
The intra-(n = 20) and inter-(n = 14)assay coefficients of Variation at cut off point concentrations were 3.4% and 8% for the RIA and 8% and 13% for the SIBA, respectively. Addition of purified αα-enolase and γγ-enolase to the respective assay Systems resulted in a near 100% recovery without any crossreactivity.
Classification of patients
In all patients (n = 174) the diagnosis of the respective solid tumours was confirmed histologically, and immunohistochemically if necessary. According to the WHO Histological Typing of Lung Tumours, the classification of small cell carcinoma includes oat cell carcinoma, intennediate -cell type and combined oat cell carcinoma; squamous cell carcinoma includes s a variant the spindle cell carcinoma; adenocarcinoma consists of acinar adenocarcinoma, pap lary adenocarcinoma, bronchiolo-alveolar carcinoma and solid carcinoma with mucus formation; large cell carcinoma includes giant cell carcinoma and clear cell carcinoma. When mixed type carcinomas are found, the predominate cell type determines the classification. Before the Start of cytotoxic chemotherapy, 27 patients with small cell lung carcinoma were classified with respect to the extent of the disease. In 8 patients the disease was limited (tumour localized in one hemithorax and/or ipsilateral supraclavicular lymphnodes) and in 19 patients the disease was extensive. The number of clinically detected metastatic sites, confirmed by brain or abdomen scan, bone marrow biopsy, and ultrasound was recorded. Patients were treated intravenously with a combination chemotherapy consisting pf adriamycin (50 mg/m 2 of body surface), cyclophosphamide (1000 mg/m 2 of body surface) and oncovin (2 mg) every three weeks (ACO-scheme).
Patients with limited disease received a prophylactic cranial Irradiation and were randomized for ehest Irradiation with 0 Gy, 30 Gy and 50 Gy. When progression occurred, tre tment was changed to Cisplatin VP 16 (40 mg/m 2 of body surface) for two days and etoposide (100 mg/m 2 of body surface) for three days intravenously every three weeks. A complete remission was defined s a total clinical and r diological involution of the tumour.
Results
Enolase isoenzymes in serum and plasma from healthy subjects Table l summarizes the values for the different isoenzymes in serum and plasma from healthy subjects. In general, values obtained either by separate determinations of the different isoenzyme αά, αγ and γγ (Part A) or by combined detection of a-or γ-isoenzymes, i.e. αα/αγ or γγ/αγ (Part B), in serum:are higher than those from in plasma. This holds true for both methods used (SIBA and RIA) and is consistent with data in the literature (5, 11).
Tab. l. Enolase isoenzymes in serum and plasma frora healthy subjects.
A 
Enolase isoenzymes in plasma from patients suffering from different malignant tumours Plasma samples from 174 patients with different tumours were investigated. Results for small cell lung carcinoma (n = 75), squamous lung carcinoma (n = 16), adenocarcinoma of the lung (n = 10), large cell carcinoma (n = 3), breast cancer (n = 14), colonic carcinoma (n = 8), carcinoma of the rectum (n = 6), prostatic carcinoma (n = 4) and some special endocrine tumours (n = 6) are summarized in figure 1 . The patients listed in table 2 and figure l were not classified with respect to tumour degree or to stage of therapy. The cut-off point was set at 50 μg/l and 10 μg/l for a-and γ-enolase, respectively. For all other tumours (n = 32), listed in table 2, but not demonstrated in figure l, normal or near normal (< 20 μg/l) γ-enolase concentrations were found, while in some patients α-enolase was slightly elevated.
a-enolases*) γ-enolases*) " *) Gases with elevated values/total cases; n.d. = not detected. High levels of α-enolase, however, were found in all (16/16) plasma samples from patients with squamous cell carcinoma and in all (3/3) large cell carcinoma patients, but only in 3 out of 10 (30%) with adenocarcinoma.
Two of the fourteen patients with breast cancer had slightly increased γ-enolase in plasma, while in 4/14 α-enolase was found above the reference r nge. Two of the fourteen patients with colonic cancer or carcinoma of the rectum had slightly elevated γ-enolase, while in all of these patients α-enolase in plasma was found within the reference r nge. The four patients with prostatic cancer exhibited a different pattern, i. e. normal γ-enolase and elevated α-enolase in plasma. In the last column of figure l, the enolase values for six patients with different malignancies are shown, i. e. two cases of neuroblastoma, one Ewing sarcoma, one Merkel cell sarcoma, one pheochromocytoma and one teratoma. Patients with islet cell carcinoma (l case), nesidioblastosis (l case) or insulinoma (10 adenomas) exhibited normal γ-enolase levels (tab. 2, data not shown in fig. 1 ). Figure 2 shows the correlation between a-and γ-enolase concentrations in plasma from patients with squamous cell carcinoma (n = 16) and small cell lung carcinoma (n = 19). Fourteen out of sixteen patients with squamous cell carcinoma exhibited elevated <x-enolase, but γ-enolase was normal, indicating that there was also no increase in αγ-enolase. Four out of nineteen patients with small cell lung carcinoma had high γ-enolase, but normal α-enolase, while in plasma from most of the small cell lung carcinoma patients (13/19) high levels of a-s well s γ-isoenzymes were found.
Twentyseven patients out of the whole group of small cell lung carcinoma patients (n = 75) were classified with respect to the tumour degree before beginning of the cytotoxic therapy. Eight were in a limited stage of disease, 19 in an advanced stage of disease. γ-Enolase values obtained in both groups before ther- apy were statistically different: limited disease, mean: 40 μg/l, r nge: 28-66 μg/l; extensive disease, mean: 187 μg/l, r nge: 14-446 μg/l; p < 0.001 (Studenfs ttest). All of these 27 patients had increased γ-enolase values in plasma at the beginning of therapy. In the plasma of 6 patients with limited disease and 7 patients with extensive disease, measurements of γ-enolase were performed during extensive chemotherapy over a period from 3 to 20 weeks ( fig. 3 ). In 5 patients with limited disease, γ-enolase values declined in accordance with the clinical criteria of remission, while one patient changes from a limited to an extensive diseased stage. In 5/7 patients with extensive disease the transient resp nse to therapy was accompanied by a fall of γ-enolase concentrations in plasma, while in two non-responders γ-enolase increased.
Discussion
The search for and research pn proteins specific f r definite cells or tissue types has been intensified during recent years. The basis for this approach is the concept that the differentiated functions of specialized cells may be expressed by means of the properties of the individual proteins. Therefore fresh attention has been paid to specific isoenzyme patterns. The dimeric glycolytic enzyme, enolase, consists of three distinct subunits a, , and γ and the respective hybrid forms (2) . While thesubunit s a part of -isoenzyme or the a -hybrid seems to be relatively muscle-specific (15), the asubunit in its different forms is widely distributed in mammalian tissues (16) . The γγ-isoenzyme has been identified with the 14-3-2 nervous system-specific protein (16, 17) and the two isoenzyme forms, αγ and γγ, have been immunohistochemically localized in neurons (19) , neuroendocrine cells (19) s well s in most blood cells (11, 20) . The terai neuron-specific enolase (NSE) is therefore misleading. Furthermore, some confusion exists in the literature, because certain authprs use the name neuron-specific enolase only for the homologous dimeric isoenzyme γγ-enolase, while others describe both αγ and γγ-enolase by this term. Since the tissue distribution of the αγ-hybrid is not exactly known, and most of the polyclonal γ-antisera used for immunochemical detection cross-react with both γ-forms, we prefer the classification by Greek letters. Consequently we use the description of a dimeric enzyme, i. e. αα, αγ or γγ, if the isoenzymes are determined separately, while the subu it specification is used for combined measurements of the respective subunits.
As demonstrated in table l enolase isoenzyme levels are considerably higher in serum than in plasma. This is true for all isoenzymes, irrespective whether the isoenzymes are determined separately or by combined measurements of the different subunit forms. Since platelets contain high amounts of αα, αγ and γγ-isoenzymes (11, 21) , specific enzyme proteins might be released from aggregated thrombocytes during clotting, thereby resulting in higher serum levels. We therefore prefer measurements in plasma instead of serum. Due to the enolase content of red blood cells, even slight haemolysis contributes to a significant increase in plasma or serum levels, especially of the α-enolase forms, s shown by Day & Thompson (21) .
The bioluminescence assay (SIBA) measures enzyme catalytic activities. Substance concentrations calculated on the basis of our purified isoenzyme preparations ( (17) pattern of the enolase isoenzymes is only valid for healthy subjects and can be altered dramatically in serum or plasma samples from tumour patients, s shovvn by Kalo et al. (15) and our group (14) .
γ-Enolase isoenzymes have also been detected immunohistochemically in neuroendocrine tumours (22, 23 ), s well s in carcinomas of the lung (3, 24, 25) . Carney and coworkers were the first (4) to use the determination of γ-enolases s a marker for assessing the extent of the disease, and response to therapy of small cell lung cancer. In the meantime several reports have confirmed their results (5 -14) . However i t became evident that patients with small cell lung carcinoma s well s patients with non-small cell lung carcinoma may exhibit high concentrations of γ-enolase in plasma or serum (3) (4) (5) (6) (7) (8) 10) . These results, confirmed by our measurements, possibly reflect some uncertainties in the exact histological classification, caused by mixed type carcinomas (24) (25) (26) . Alternatively, during tumour progression, non small cell lung cancers cells could also develop the ability to produce γ-enolase isoenzymes s a result of de-differentiation processes. In this connection, it is interesting that Schmechel et al. (27) reported a switch from nonneuronal to neuronal enolase during development of neurons.
About one half of the small cell lung cancer patients also exhibited high levels of α-enolase in plasma. Separate determinations of the isoenzymes αα and αγ (14) showed, in most cases, elevations of both isoenzymes. Patients suffering from squamous cell carcinoma or large cell carcinoma had increased levels of α-enolase in plasma, while raised levels of γ-enolase were found only in a small percentage. Further studies are required to clarify the question of whether measurements of a-and γ-isoenzymes in plasma are clinically relevant for the diagnosis of different types of lung cancer.
When stage of disease and therapy were not taken into consideration, 87% of the small cell lung carcinoma patients had elevated γ-enolase substance concentrations in plasma. However, all of the 10 patients exhibiting normal γ-enolase values in plasma were under therapy. In 27 patients out of the whole small cell lung carcinoma collective we were able to measure γ-enolase in plasma before the beginning of the therapy. The increase in γ-enolase was dependent on the stage of disease before therapy, but all of these patients exhibited γ-enolase values in plasma above the upper level of the reference r nge. Thus the sensitivity of γ-enolase s a marker for small cell lung carcinoma approaches 100%. The fact that our data on sensitivity are even higher than those reported in the literature (3-13, tab. 3) might be partially explained by the relatively low cut-off point (10 μg/l) used in our study, s well s by the use of plasma instead of serum. Serial determinations of γ-enolase in plasma samples from some patients receiving cytotoxic therapy for small cell lung carcinoma showed a correlation between the initial clinical response and the γ-enolase levels. This was true for patients who responded to therapy, and the reverse was true for non-responders. Progression of the disease, s well s emergence of therapeutic resistance, was usually accompanied by an increase of γ-enolase values. However, in two of our small cell lung carcinoma patients γ-enolase normalized during the remission period and remained within the reference r nge, although these two patients died soon after from progressive disease. Both patients had been typed s small cell lung carcinoma by histology after bronchial biopsy. Post mortem histology, however, revealed a change of the tumour type, in one case a large cell carcinoma, in the other case a carcinoid. Possibly both cases reflected the phenomenon that the usual emergence of resistance to cytotoxic therapy seems to be accompanied by transition of small cell lung carcinoma to other cellular phenotypes (28, 29) . Interestingly, Minna's group (30, 31) recently reported that the loss of endocrine characteristics from small cell lung carcinoma cells maintained in cell culture was paralleled by a 20 -80 fold amplification of oncogenes of the myc-family.
Among the 31 different types of solid tumours investigated in this study only those listed in figure l showed varying degrees of elevation of γ-enolase in plasma, while slightly raised plasma α-enolase values were sometimes found in other tumours. Four cases with prostatic cancer had γ-enolase levels within the reference r nge, but they showed increased α-enolase. This result needs further confirmation. Two cases with neuroblastoma and one with a pheochromocytoma showed elevated plasma γ-enolase levels, consistent with reports in the literature (6, 33, 34) . The high levels of γ-enolase found in the single cases suffering from Merkel cell sarcoma or teratoma might be explained by the fact that these tumours also belong to the endocrine System (35) . Malignant and benign tumours of the islets of Langerhans generally did not lead to an increase of γ-enolase in plasma.
Conclusion
In conclusion, elevated α-enolase isoenzyme were found in the plasma of patients suffering from different solid tumours. Obviously α-enolase isoenzymes can only be considered s unspecific tumour markers. γ-Enolase, however, can serve s a relatively specific neuroendocrine tumour marker, especially with respect to small cell lung cancer. In this connection we confirm that the commercially available radioimmunological assay for γ-enolases, used in this study, is rapid, precise and accurate. Detailed studies in close co-operation between pathologists, clinical chemists and physicians seem to be necessary to clarify the question of whether separate determinations of aand γ-enolases in plasma could be helpful in the differentiation of the various forms of lung cancers. Such studies are now in progress in our laboratory.
